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I. INTRODUCTION
N ONRADIATIVE dielectric (NRD) waveguides [1] , [2] have been widely utilized in millimeter-wave components such as filters, directional couplers, and mixers because of their low loss characteristic at the millimeter-wave band. It consists of a parallel-plate guide with a dielectric strip inserted between the plates as shown in Fig. 1 . Structurally, it is identical to the H-guide except that the plate separation is less than half the free-space wavelength. For a parallel-plate guide separated less than , the dominant mode of is cut off. However, the presence of the dielectric strip in an NRD guide enables the waves to propagate along the strip whereas the radiated waves are suppressed because of the cutoff nature of the air-filled region.
Various types of analysis methods such as the method of moment, finite difference method, and finite-element method (FEM) have been utilized to solve the waveguide problems. Among these methods, the FEM is the most generally applicable and most versatile in the analysis of waveguide. With this method, it is possible to fit any complex shape by choosing a triangular element shape and to increase the accuracy of the solution by using high-order polynomial approximation functions.
To analyze the characteristics of NRD guide components using the vector FEM (VFEM) [3] , [4] , the proper mode should be specified at the first stage. Applying VFEM to finding the mode, analysis domain and all boundary conditions must be defined clearly. However, there are some difficulties in defining all boundaries due to the open boundary at each side of the NRD guide. When analyzing modes of an NRD guide, some unwanted modes are generated, even in the case of well-known software packages. The unwanted modes are originated by the compulsory truncation of the infinite boundary in VFEM. Although the generated modes include the proper modes such as LSE and LSM mode, the selection of these modes is very difficult, especially when there is neither prior information nor analytic solution [5] . In addition, a special transition should be employed to launch in an NRD guide [6] . However, it requires additional computation time considerably.
In this paper, an effective approach to select the proper modes of an NRD guide is proposed. By adopting a special boundary, named a perturbing boundary, the unwanted modes can be filtered out without any prior information about the analysis model, resulting in only the proper modes. This method has been applied to obtaining propagation constants of inhomogeneous NRD guides and NRD guides with a trapezoidal cross section whose analytic solutions do not exist.
II. FORMULATION
To analyze the propagation characteristics of NRD guide, a vector Helmholtz equation is adopted (1) By assuming field variation along the direction to be , electric field component can be separated (2) (3) where is tangential field component. To separate and have real-valued matrices, the scaling is introduced as (6) (7) Then (4) and (5) can be written as (8) (9) and the boundary conditions are on (10) on (11) where and are the electric and magnetic walls, respectively.
As the vector Helmholtz equation is divided into two parts, vector-based tangential edge elements can be used to approximate the transverse fields, and nodal-based Lagrangian interpolation functions can be used to approximate the -component (12) where indicates the th edge of the triangle and is the edge element for the th edge. The testing function for Galerkin's method is chosen to be the same as the basis function in (12) as (13) where indicates the th node and is the coordinate of node . Also, the testing function is chosen to be the same as the basis function in (13).
By Galerkin's method, integrating over a single triangular element and applying boundary conditions yields The components of element matrices are omitted and can be found in [4] . These element matrices can be assembled over all the triangles in the cross section of the waveguide to obtain a global eigenvalue equation.
III. ANALYSIS MODEL
There exist two fundamental modes in an NRD guide-dominant and modes. Those are nonradiative by nature and most fields are confined only in a dielectric strip. Fig. 1 shows a schematic structure of an NRD guide. The mode of the NRD guide is analyzed by VFEM adopting PMC boundary condition as shown in Fig. 2(a) . At the frequency of 55 GHz, there should exist only two propagating modesand , of which analytic propagation constants ( ) are calculated as 526.5 and 169.1, respectively, by assuming the infinitely long parallel -plate conductor in the direction. However, nine modes were found due to unavoidable boundary truncation in VFEM as shown in the first column of Table I . The main problem is that the propagation constants of the and moded are smaller than those of other unwanted modes. Thus, selection of proper modes would be difficult if there were no prior information.
IV. ANALYSIS USING A PERTURBING BOUNDARY
To remove the unwanted modes in Table I , an artificial perturbing boundary is introduced as depicted in Fig. 2(b) and (c). Each perturbing boundary is set to be a perfect electric conductor (PEC) in Fig. 2(b) and a perfect magnetic conductor (PMC) in Fig. 2(c) , respectively. The main idea stems from the nature of an NRD guide. Because the fields of LSM and LSE mode are mainly confined in a dielectric strip, these modes are not nearly affected by the perturbation of boundaries in the air-filled region. On the other hand, most unwanted modes have some field quantities near the boundaries and are severely affected by the perturbing boundary. The second and third columns of Table I show the resultant propagation constants calculated from the models in Fig. 2(b) and (c), respectively. By checking the variation of the propagation constants, three modes whose propagation constant is unchanged are found. Among them, the first mode is close to the TEM mode and can be easily filtered by the preliminary calculation of its propagation constant ( ). Therefore, the two real propagating modes have been distinguished from the other unwanted modes. These two modes are and modes and can be verified easily by drawing the field pattern of each mode. Fig. 3 shows the field pattern of each mode in an NRD guide. Most fields are confined to the dielectric strip in cases of , modes. However, fields are scattered in places in thecase of unwanted mode. This is the reason that a perturbing boundary works in an NRD guide. In the case of unwanted modes, fields are also strong near the boundary and are affected by a perturbing boundary. This leads to the changes of the propagation constant.
Two models of which analytic solutions do not exist are analyzed using the above method. The first model is an inhomo- Note that the size of a square air hole is 0.6 2 0.6 mm.
geneous NRD guide in Fig. 4(a) and the other is an NRD guide with trapezoidal cross sections in Fig. 4(b) . Dispersion curves for each model are calculated using a perturbing boundary as discussed.
Using the perturbing boundary method, the propagation constants of LSM and LSE modes in an inhomogeneous NRD guide are selected and plotted with frequency as shown in Fig. 5 . In this case, the size of a square air hole is 0.6 0.6 mm. The corresponding and modes are cut off below 53 and 56 GHz, respectively. The value of the propagation constant of an inhomogeneous NRD guide is smaller than that of a simple NRD guide since the effective dielectric constant of an inhomogeneous NRD guide is lowered due to the air-filled region in a dielectric strip.
To verify the validity of our method, the variation of a propagation constant has been calculated according to the size of a square air hole. The calculated results are illustrated in Table II . As the size of the air hole decreases to zero, the value of a propagation constant converges to that of a homogeneous NRD guide, indicating the validity of our method. Note that the propagation constants of and modes of a homogeneous NRD guide are calculated as 748.91 and 549.63 [m ], respectively.
The propagation constant of an NRD guide with a trapezoidal cross section is shown in Fig. 6 . In this case the shape of a trapezoidal cross section is mm, mm, and mm. The area of a trapezoidal section is the same as that of the homogeneous NRD guide. So the effective dielectric constants of two NRD guides are the same. As a result, the dispersion curves of an NRD guide with a trapezoidal cross section are nearly close to that of a homogeneous NRD guide, as shown in Fig. 6 .
V. CONCLUSION
This paper presents a perturbing boundary method to select the proper modes of the NRD guide using the VFEM. Propagation constants of unwanted modes are greatly changed by perturbation in boundary. However, the proper modes such as and confined only in the dielectric strip are not nearly as affected. Employing this method, the dispersion curve of several types of NRD guides for which analytic solutions do not exist has been determined.
